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MINIMAL ENERGY BALLISTIC TRAJECTORIES FOR MAJVNED 

AND UNMANNED MISSIONS TO MERCURY 

By Larry A. Manning 
NASA Headquarters 

Moffett Field, Calif. 

Minimal-energy trajectories are determined for three Mercury missions: 
unmanned flybys, unmanned orbiters, and manned stopovers. 
requirements for these missions are assessed from consideration of three 
trajectory modes: 
modified pericenter Venus swingby transfers. 
propulsive velocity requirements, the mission durations, and Earth entry 
velocities, where applicable, are investigated for all missions. 

The velocity 

direct transfers, unpowered Venus swingby transfers, and 
The total and incremental 

The missions have three distinct energy levels. The unmanned flyby 

These requirements are in the same range as 
mission has a minimum 
minimum AV of 11.2 km/sec. 
those for unmanned Mars probes and manned Mars stopovers, respectively. 
manned Mercury stopovers have a minimum 
a corresponding stay time of 174 days and mission duration of 414 days. 

AV of 4.2 km/sec, and the unmanned orbiter mission a 

The 
requirement of 18.2 km/sec with AV 

In addition to the minimal energy trajectory data discussed, data are 
presented on typical launch windows and communication distances for the 
missions of interest. Launch windows of 20 days are shown to exist at Earth 
for penalties of less than 5 percent of the total Maximum communication 
distances of about 1.5 AU are determined by the Earth-Mercury geometry rather 
than the transfer trajectory mode. 

AV. 

INTRODUCTION 

Much work has been done to assess the mission requirements for explo- 
ration of the nearest planets, Mars and Venus. 
of the solar system may receive increasing attention. 
which is of interest if for no other reason than its close proximity to the 
Sun. 

In the future, other planets 
Among these is Mercury, 

Missions to Mercury have been the subject of previous analyses 
(refs. 1-4). 
trajectory mode. 
of trajectories between Earth and Mercury for the 1980-1999 period. 
trajectory data presented provide a source from which specific trajectories of 
interest can be pinpointed and preliminary analysis of the overall mission 
requirements and subsystem integration can be initiated f o r  a variety of 
miss ions . 

However, these analyses have emphasized a particular mission or 
This report summarizes the results of a comprehensive study 

The 



The report  defines the  charac te r i s t ics  of the  bas ic  t r a j e c t o r i e s  f o r  
both unmanned (one-way flyby and o rb i t e r  missions) and manned (round t r i p  with 
stopover) missions t o  Mercury. 
unpowered Venus swingby, and modified per icenter  Venus swingby) were consid- 
ered, and a comparison w a s  made of the  performance (as measured by the 
propulsive veloci ty  requirements- AV, t r i p  time, and en t ry  ve loc i ty)  of each 
mode for  unmanned flybys, unmanned orb i te rs ,  and manned stopovers. I n  
addition, an assessment has been made of the launch windows, the  communication 
distance, and the so l a r  radius time h i s to r i e s  associated with missions 
representative of  the 1980-1999 time period. 

Three modes of t r ans fe r  t r a j e c t o r i e s  (d i r ec t ,  

SYMBOLS 

HBEV hyperbolic excess velocity,  km/sec 

V veloci ty  r e l a t ive  t o  planet ,  km/sec 

AV (HBEV~ + Ve2)”2 - v,, km/sec 

Sub s c r i p  t s 

C c i r cu la r  

e escape 

E en t ry  

T t o t a l  

9, ?,@ Mercury, Venus, Earth, respect ively 

AJYALY S IS 

Planet  Mot ion 

The motion of the  planets  was computed from two-body equations of motion 
The data  represent present  with planet parameters as l i s t e d  i n  t h e  appendix. 

knowledge and were compiled from references 1-6. 

Trajectory Mode Defini t ion 

Three modes of t r ans fe r  t r a j e c t o r i e s  were considered: t h e  d i r e c t  t r i p ,  
t he  unpowered Venus swingby, and the  modified pe r i cen te r  Venus swingby. 
These modes are i l l u s t r a t e d  i n  f igure  1. 
swingby modes have the  standard def in i t ions .  

The d i r e c t  and unpowered Venus 
I n  many cases, t he  unpowered 
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Sun 

swingby requires c loses t  approach 
distances a t  Venus within the  
planet atmosphere and even below 
the planet  surface.  Introducing 
the modified per icenter  swingby 
mode removes these d i f f i c u l t i e s  
and makes possible  a wider range 
of swingby t ransfers .  In  t h i s  
mode, a midcourse maneuver 
( requir ing a very small AV) i s  
made during planet  approach t o  
r a i se  the  per icenter  a l t i t u d e  t o  
a specif ied minimum value. O f  
course, i f  t he  standard swingby 
mode passes the  planet  above the  
minimum a l t i t ude ,  there  is  no 
need t o  use the  modified 

Trajectory relative 
to Venus 

(a) Direct mode 

(b) Unpowered swingby mode - '\ pericenter  swingby mode. The 
midcourse correction r e su l t s  i n  a 

\ planet departure at  the  proper 
hyperbolic excess speed f o r  com- 

Required departure ple t ion  of the  mission but  on an 
asymptote asymptote of incorrect  d i rec t ion .  

A second correction of s i g n i f i -  
cant magnitude i s  made during the  
departure phase t o  ro t a t e  t he  
direct ion without changing the  

:ysid 
rp 

(c) Modified pericenter swingby mode AV = 0 veloci ty  magnitude. 

Figure 1.- Transfer trajectory geometry. A more general  powered 
swingby mode can be defined i n  
which both the  direct ion and the  
magnitude of the  departure 

ve loc i ty  a r e  changed by corrections near Venus. 
mode f o r  Mars missions (ref.  5 )  have not displayed any advantages over t he  
unpowered swingby modes. 
general ly  support a s imi la r  conclusion f o r  Mercury missions. 
i s  not included i n  the  report .  

Results of s tudies  of t h i s  

Preliminary calculations f o r  the  present study 
Thus, t h i s  mode 

Transfer Trajectory Computation 

Patched conic techniques were u t i l i z e d  t o  compute the  s ing le  plane 
t r ans fe r  t r a j e c t o r i e s  between planets .  
assumed t o  be acted upon by only one cent ra l  force f i e l d  a t  a time. 
d e t a i l s  of t h i s  technique w i l l  not be described here as they are thoroughly 
documented elsewhere (e .  g . , r e f .  6 ) .  

I n  t h i s  method, the  space vehicle i s  
The 

lA minimum pericenter  a l t i t u d e  a t  Venus of 250 km w a s  chosen, since,  
below t h a t  value, atmospheric e f f ec t s  must be considered. 
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I. 1 

Multiple plane t ransfers  were not considered i n  t h i s  study. When the  
c e n t r a l  angle i s  near 180' t he  multiple plane t r ans fe r  requires  less 
than the s ing le  plane t r ans fe r .  However, it does not r e s u l t  i n  AV require-  
ments lower than the  minima avai lable  with the s ing le  plane t r ans fe r .  

AV 

Transfer Trajectory Constraints 

The t r a j e c t o r i e s  and corresponding requirements were computed f o r  
t r ans fe r  from Earth o r b i t  t o  Mercury o r b i t .  A t  Earth, a c i r c u l a r  o r b i t  a t  
sea leve l  was assumed. The resu l t ing  in jec t ion  ve loc i ty  increments a r e  
representative of in jec t ion  from near Earth o r b i t s .  If the  o r b i t  a l t i t u d e  
were changed t o  250 km, t he  Earth departure ve loc i ty  increment (AV,) would 
decrease about 2 percent from the  values shown herein.  
a 1000 km a l t i t u d e  c i r c u l a r  o r b i t  a t  Mercury ( V e  = 3.5 km/sec and Vc = 2.5 
km/sec) was assumed as representat ive of nondecaying o rb i t s .2  Because of t he  
s i z e  of Mercury, the  Mercury a r r i v a l  and departure ve loc i ty  increments 
(AVg ) shown would be decreased about 3 percent i f  a c i r c u l a r  o r b i t  a t  surface 
l e v e l  were used. 
t he  
i n  t h i s  study. 

For o r b i t e r  missions 

Eccentric o r b i t s  a t  Earth or Mercury would a l s o  reduce 
AV requirements below those shown, but  such o r b i t s  were not considered 

RESULTS AND DISCUSSION 

For a pa r t i cu la r  t r a j ec to ry  mode and mission, t r a n s f e r  t r a j e c t o r i e s  and 
t h e  corresponding AV requirements can be computed as a function of two 
parameters, f o r  example, launch date  and t r i p  time. For each launch date ,  
t he re  i s  a t r i p  time t h a t  requires  t he  lowest AV. P lo t t i ng  these minimum 
AV requirements versus launch date y ie lds  a curve with severa l  l o c a l  
minima, or launch opportunities,  during a year,  and the  lowest of t he  l o c a l  
minima defines t h e  minimum AV t r a n s f e r  t r a j e c t o r y  of t he  year.  

Launch opportunities were analyzed t o  def ine t h e  minimal energy 
t r a j e c t o r i e s  f o r  both the  unmanned f lyby mission (AV. i s  minimized) and t h e  
unmanned. o rb i t e r  mission (AVT = AV. + AVy 
unmanned o rb i t e r  study formed the  b a s i s  for t he  ana lys i s  of t h e  manned 
stopover mission, where t h e  sum of the  t o t a l  outbound 
AV was minimized. 

i s  minimized). The r e s u l t s  of the 

AV and t h e  r e tu rn  

A l l  mission modes are s tudied f o r  t he  1980-1999 A.D. time period. 
th ree  t ra jec tory  modes previously described (see f i g .  1) a r e  invest igated 
i n  the  performance of each mission mode. 

The 

'A sensible  atmosphere a t  least 400 km has been postulated by D. N .  
Vachon, General E lec t r i c  Missiles and space Division. 
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I . 

Unmanned Missions 

Direct f1vbvs.- The pert inent  Earth-Mercury geometry repeats i t se l f  every 
4750 days (13 Earth years)  s o  t h a t  the  d i rec t  mode t r a j ec to ry  t r i p  times and 
corresponding AV requirements have a 13-year cycle. An apparent 6-7 year 
cycle a l s o  ex i s t s ,  bu t  i s  much l e s s  exact than the  13-year period. 
d i r ec t  t r i p  data  contained i n  this report  can a l s o  be used t o  define AV 
requirements i n  other  time periods of in t e re s t .  

Thus, t he  

A s  with d i r e c t  t r i p s  t o  Mars o r  Venus, launch opportunities f o r  low 
energy Mercury missions occur i n  t h e  v i c in i ty  of t h e  Earth-Mercury c loses t  
approach. The c loses t  approach is known as i n f e r i o r  conjunction f o r  Venus 
and Mercury and as opposition f o r  Mars and the  outer  planets .  
motion of Mercury and Earth r e su l t s  i n  about th ree  in fe r io r  conjunctions 
per  year. Near an in fe r io r  conjunction, a l o c a l  AV minimum and correspond- 
ing launch opportunity ex i s t .  

The r e l a t i v e  

O f  t he  three  opportunities each year, one opportunity displays t h e  lowest 
Earth departure AV f o r  t h a t  year. These year ly  minima are l i s t e d  i n  t ab le  I 
f o r  a 13-year cycle.  The lower bound on t h e  AV, requirement f o r  d i r e c t  
t ransfers  i s  4.8 km/sec with a t r i p  time of 115 days f o r  a Hohmann t r ans fe r  i n  
t h e  plane of t h e  e c l i p t i c  t o  Mercury's aphelion radius.  The t r a j ec to r i e s  
corresponding t o  t ab le  I a r r ive  i n  the  aphelion-descending node region and 
t h e i r  requirements are close t o  those of t h e  Hohmann t r ans fe r .  The l a rge r  
AV is due t o  the  inc l ina t ion  of Mercury's o r b i t  t o  t he  e c l i p t i c  plane. 

The t r a j e c t o r i e s  shown a r r ive  a t  Mercury with hyperbolic excess 
ve loc i t i e s  on t h e  order of 13 h / s e c .  If on-board experiments require 
lower excess ve loc i t i e s ,  the AV a t  Earth departure must be increased. For 
example, t h e  excess veloci ty  can be reduced t o  8 h / s e c  by u t i l i z i n g  a 
AV, of 7 krn/sec. 

Direct  o rb i t e r s .  - The r e su l t s  f o r  minimm-energy3 Mercury o rb i t e r  
missions are presented i n  t ab le  I1 f o r  a 13-year cycle s t a r t i ng  i n  1980. 
t a b l e  i l l u s t r a t e s  two trends.  F i r s t ,  one opportunity each year produces the  
lowest ve loc i ty  requirement t o  achieve orb i t  about Mercury. 
opportunities usual ly  require  s ign i f icant ly  higher energy leve ls .  Secondly, 
as previously s ta ted ,  one opportunity each year has t h e  lowest Earth-departure 
AV requirement with the others usually a t  much higher leve ls .  
opportuni t ies  always d i f f e r .  

The 

The other  

These two 

'Throughout t h i s  report  t he  phrase "minimum energy'' refers t o  a 
minimized t o t a l  ve loc i ty  increment. 
t r a j e c t o r y  f o r  t he  minimum mass i n  E a r t h  o rb i t ,  it is not the iden t i ca l  
mission s ince system mass requirements may depend upon parameters other 
than AV. 

While t h i s  is  representative of t he  

5 
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Figure 2 shows the  minimum t o t a l  ve loc i ty  increments f o r  each year from 
1980 t o  1995. 
display a cyc l ic  var ia t ion with about a 6-1/2-year period. 
t r i p  has a AVT of 12.9 km/sec. 

The t o t a l  veloci ty  increment (AVT = AVe + AV ) i s  seen t o  9 The lowest energy 

N 

Launch, yr 

Figure 2 . -  Minimum AV vs launch year;  unmanned mercury o r b i t e r  mission; d i r e c t  t r a n s f e r .  

A plot  of the  AV requirements from t ab le  I1 as a function of Mercury's 
longitude a t  a r r i v a l  i s  given i n  f igure  3. This p l o t  shows the importance 

Mercury longitude 

Ascendina node 

, krnlsec 

Ai, I = Arrival locaticns for 1985 launches 
Ai, 2 =Arrival locatims for 1986 lounches 

Figure 3.- Effect  of a r r i v a l  longitude on outbound AV requirements; unmanned o r b i t e r  mission; 
d i r e c t  t r a n s f e r .  

6 



of Mercury's nodal points  on the  t ra jec tory  r e su l t s ;  t he  regions of minimum 
AV requirements occur near the  nodes where the  inc l ina t ion  of the  t r ans fe r  
o r b i t  t o  t he  e c l i p t i c  plane i s  a minimum. Since the  o r b i t  of Mercury has a 
large inc l ina t ion  ( 7 O ) ,  t he  minima a re  quite de f in i t e .  O f  t he  two nodal 
regions, t he  ascending node requires the  lowest 
t he  ascending node and t h e  corresponding higher hel iocentr ic  veloci ty  of 
Mercury s igni f icant ly  reduces t h e  r e l a t ive  ve loc i ty  of t he  spacecraft  a t  
arrival and therefore  reduces the  required 

AV. Perihel ion occurs near 

AVg. 

The sequent ia l  a r r i v a l  locations of the  opportunities f o r  1985-1986 are 
The locations follow Mercury around i t s  o r b i t  of the  Sun shown i n  f igure  3. 

and are spaced about l - l / 3  Mercury periods apa r t .  
arrival locations move clockwise around Mercury's o r b i t  (e .g . ,  AIJ1,A1, 2)4 
so t h a t  after 4750 days (13 years) point  Al, 14 w i l l  correspond t o  A 1  1 Az, 14  

t o  A Z , ~ ,  and A3,14 t o  
the  approximate AVT with a very small error .  

From year t o  year, the  

The curve connects d i scre te  points  and h d i c a t e s  

Unpowered Venus swingby. - Analysis of t h e  Venus swingby t r a j ec to ry  mode 
showed t h a t  the  minimum AV t r i p s  f o r  both unmanned missions (flyby and 
o rb i t e r )  occur f o r  almost indent ica l  t r a j ec to r i e s .  Therefore, the  two 
missions w i l l  be discussed together.  

A Venus swingby t o  Mercury requires the  coupling of two t r a j ec to r i e s .  
The first i s  a successful Earth-Venus t ra jec tory .  Thus the  swingby mode 
can be u t i l i z e d  only as frequently as opportunities f o r  Earth-Venus 
t r a j e c t o r i e s  occur. 
17 months) and are p lo t t ed  i n  reference 6. 
Venus-Mercury t r a j ec to ry  i n  which Venus departure charac te r i s t ics  are defined 
by t h e  previous a r r i v a l  t ra jec tory .  
cons is t s  primarily of searching f o r  Venus-Mercury t r a j e c t o r i e s  which can be 
coupled (without a powered maneuver) with an Earth-Venus t ra jec tory ,  t o  
achieve the  minimum AVT f o r  the  launch opportunity. The launch regions of 
i n t e r e s t  were defined by means of the p lo ts  of reference 6. The e n t i r e  
swingby t r a j ec to ry  w a s  then computed as an e n t i t y  with the  a r r i v a l  and 
departure speeds a t  Venus matched t o  within 15 meters pe r  second. This 
technique necess i ta tes  t he  computation of a large number of t r a j e c t o r i e s  
based on a parametric var ia t ion  of t r i p  time (both Earth-Venus and Venus- 
Mercury) and launch date .  
references 1-3, t he  data  presented a re  f e l t  t o  be representative of t he  
minimum obtainable; however, every possible t r a j ec to ry  w a s  not computed. 

These occur every Earth-Venus conjunction (about every 
The second requirement i s  a 

The swingby t r a j ec to ry  analysis  thus 

On the  bas i s  o f  se lected comparisons with 

The AV requirements f o r  t he  minimum energy unpowered swingby transfers 
are given i n  t a b l e  I11 and f igure  4. For t h e  flyby missions, t he  AV$f can 
be in te rpre ted  i n  terms of hyperbolic excess speed a t  Mercury ( i . e . ,  HBEVQ = 

9.4 km/sec f o r  1980 and 11.8 km/sec f o r  1985). 
t r a j e c t o r y  mode, displays minimum Earth departure 
are 20 percent lower than t h e  comparable d i r e c t  t r a j e c t o r i e s .  

The flyby mission, using t h i s  
AV's which, i n  some cases, 

4 A i , j  where i = i t h  opportunity for given launch year; 
j = j t h  launch year beginning i n  1985. 
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Earth -Venus conjunction, yr 

Figure 4 . -  Minimum AV vs conjunction year;  unmanned Mercury o r b i t e r  mission; unpowered Venus 
swingby t r ans fe r .  

Two trends should be noted which a r e  not d i r e c t l y  evider,t i n  t a b l e  111. 
F i r s t ,  the lowest t r i p s  shown always depart  Earth within 20 days of 
Earth-Venus in fe r io r  conjunction. The higher AVT t r i p s  depart  progres- 
s ive ly  fa r ther  away. For these t r i p s  Venus-Mercury legs  could not be found 
t h a t  would allow low energy Earth-Venus legs .  Secondly, the  a r r i v a l  usual ly  
occurred near t he  descending node-aphelion region of Mercury's o r b i t .  
Consequently, AVg 
the  d i r ec t  t r i p s .  However, t he  Earth departure AV i s  s u f f i c i e n t l y  low t o  
provide several  cases f o r  which the  t o t a l  AV i s  less than f o r  t he  comparable 
d i r e c t  t r i p s ,  although a somewhat longer t r i p  time i s  required.  

AVT 

f o r  the  swingby t r i p s  i s  general ly  higher t h a n  t h a t  for 

Thus, while the  Venus unpowered swin&y mode does not always produce 
lower energy t r ans fe r s ,  the  requirements are lower i n  a su f f i c i en t  number of 
cases t o  merit consideration of t h i s  mode i n  the  ana lys i s  of Mercury missions. 
In f a c t ,  a comparison of t ab le s  I, 11, and I11 indica tes  t h a t  over a 13-year 
cycle,  the swingby mode produces t ransfers  with energy requirements l e s s  than 
the  lowest avai lable  from the  d i r e c t  mode. 

Modified per icenter  swingby. - The modified pe r i cen te r  swingby mode 
enlarges the region of swingby opportuni t ies  s ince  swingby t r ans fe r s  a r e  now 
ava i lab le  i n  which the  standard unpowered swingby t r a j e c t o r y  would be required 
t o  pass Venus a t  a l t i t u d e s  below 250 h. 
i n  t a b l e  I V  and f igure  5. 
which r e s u l t  i n  a lower Mercury o r b i t e r  
standard swingbys. 

Velocity requirements are presented 
Data a r e  presented f o r  only those opportuni t ies  

Though modified per icenter  swingbys e x i s t  during every 
AVT than  i s  poss ib le  with the  

8 



- conjunction, t he  cases of i n t e r e s t  tend t o  
Only those transfers which improved upon occur when the  minimum energy Upowered 

swingby has a passage a l t i t u d e  close t o  the  the unpowered swingby are shown 

250 km l i m i t  and when the  mission veloci ty  
could have been reduced by allowing a lower 
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a l t i t ude  passage. 

The ve loc i ty  requirements f o r  flyby 
missions using the  modified per icenter  
swingby are always higher than those f o r  the  
standard swingby s ince the  AV a t  Venus 
must be added t o  the  Earth departure value. 
However, t he  Mercury a r r i v a l  hyperbolic 
excess veloci ty  can be equal t o  or less than 
those for t he  d i r e c t  t r i p s .  

To t h i s  point,  the  minimum veloci ty  
requirements and associated t r i p  times have 
been defined f o r  t h e  three  t r a j ec to ry  modes 
f o r  unmanned flyby and o rb i t e r  missions. It 
has been shown t h a t  t he  swingby t r a j e c t o r i e s  
achieve the  lowest AV's f o r  both missions. 

Earth -Venus conjunction, yr 

Figure 5.-  Minimum AV vs conjunction year; 
unmanned Mercury o r b i t e r  mission; modified 
pe r i cen te r  Venus swingby t r ans fe r .  

Manned Miss ions 

For round t r i p  missions with minimum AV requirements, one must obtain 
the  minimum energy re turn  leg t ransfer .  Only the  Mercury departure ve loc i ty  
increment (AV ) is  minimized since no constraint  on Earth entry veloci ty  has 
been imposed. Combining these return t ransfers  with su i tab le  minimum energy 
outbound t r ans fe r s  ( t a b l e s I 1 ,  111, or I V )  defines the  minimum 
t r ans fe r .  
associated with it. 

f! 
AVT round t r i p  

Each such combination has a specif ic  s t ay  time a t  Mercury 

The t r a j e c t o r y  modes f o r  t he  re turn  leg  are the  same as those f o r  t h e  
outbound leg .  
of i n t e r e s t  ( those t h a t  reduce the  t o t a l  AV) t yp ica l ly  increase the  t o t a l  
mission length between 200 and 300 days, while the  reduction i s  less 
than 5 percent.  
only t y p i c a l  data  w i l l  be indicated f o r  the swingbys. 

However, it w i l l  be seen tha t  t he  re turn  swiilgby t r a j e c t o r i e s  

AVT 
Therefore, emphasis w i l l  be placed upon d i r ec t  re turn  legs;  

The minimum AVP 
d i r e c t  mode t ra jec tory  f o r  each re turn  opportunity i s  

Figure 
l i s t e d  i n  t a b l e  V f o r  a 13-year cycle. 
t h e  Earth-Mercury geometry which repeats every 4750 days (13 years ) .  
6 shows the  required veloci ty  increment for  departure versus the  departure 
longitude of Mercury. 
near Mercury's ascending node-perihelion region are c l ea r .  

The d i r ec t  mode re turn  i s  governed by 

A s  with the  a r r iva l ,  t he  advantages of a departure 

9 
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Figure 6. - Effect of departure longitude on AV requirements; d i r e c t  t r ans fe r ;  e a r t h  re turn .  

The launch opportunities f o r  a given Earth year ( B I , ~ ;  B2 1; B 3 , l )  move 
counterclockwise around Mercury’s o r b i t  and occur about every i -1/3 Mercury 
years .  The opportunities f o r  successive years move clockwise so t h a t  after 
13  years t h e  next opportunity (BlYl4)’ coincides with B 1 , l  and s o  on. 
l i n e  i n  the f igure connects d i scre te  points  and thus i s  not continuous. The 
l i n e  indicates the  approximate value with a very small e r ro r .  
t he  curve occurs between the  descending node and the  region of m a x i m u m  
negative l a t i t ude .  No minimum AVB departure occurred i n  t h a t  region. 

departures. 
t he  ascending node. The second region generally has a lower AV and i s  
around the ascending node j u s t  before the  per ihe l ion  point  i s  reached. 

The 

The break i n  

Analysis of f igure 6 shows two opportunities each year have low energy 
One of these regions occurs near 0’ longitude about 40° p r i o r  t o  

Table V I  combines the  data  of t ab le s  I1 and V t o  define minimum energy 
round t r i p  t r a j e c t o r i e s  using two d i r e c t  t r ans fe r s .  I n  each case an outbound 
leg from tab le  I1 has been combined with the  first low energy re turn  leg  from 
t ab le  V t o  depart a f t e r  the  Mercury a r r i v a l  date  of t he  outbound leg .  Stay 
times a t  Mercury a re  of the  order of one Mercury year,  t o t a l  t r i p  times a r e  
approximately one Earth year, and the  t o t a l  AV requirements range from 21 
t o  24 km/sec. 

The avai lable  s t ay  times a t  Mercury are r e s t r i c t e d  t o  multiples of t he  
Mercury year (88 days) because both the  arrival and departure f o r  minimum 
energy t ransfers  occur near t h e  ascending node of Mercury. 
would increase the AV requirement. On t h e  o ther  hand, a review Of t a b l e  V 

Shorter Stay times 

B i , j ;  where i = i t h  opportunity of given launch year; 5 

j = j t h  year  from 1985. 
10 



shows t h a t  lower energy re turn  legs can usually be obtained by waiting f o r  t he  
second re turn  leg i n  t ab le  V t o  depart a f t e r  t he  outbound leg  Mercury a r r i v a l  
date.  This would increase the  associated stay time t o  about two Mercury 
years (176 days).  
associated with the  optimum re turn  l eg )  are presented i n  t ab le  V I 1  and f igure  
7 f o r  a l l  yearly minimums between 1980 and 1999. 

Data for such round t r i p s  ( u t i l i z i n g  t h e  s t ay  time 

It can be seen t h a t  the  

w 8 ,  e e  m m 
E? 

Launch, yr 

Figure 7 . -  Minimum AV vs launch year for optimum stay t h e ;  manned mercury stopover missions; 
d i r e c t  t ransfers .  

minimum t o t a l  AV 
mission length i s  e s sen t i a l ly  unchanged because of the  shor te r  re turn  leg.  
However, i n  t he  t o t a l  mission analysis  and subsystem def in i t ion ,  the  e f f e c t  
of t he  ex t ra  90 days stopover on such items as rad ia t ion  protect ion would 
have t o  be considered and trade-offs made t o  define the  "best" t ra jec tory .  
Figure 7 a l s o  shows the  6-7 year cycle exhibited by the  d i r e c t  l eg  missions. 

requirement i s  reduced t o  about 19 km/sec, while t he  t o t a l  

Attent ion should be given here t o  the  f a c t  t h a t  t h e  t o t a l  AV presented 
for t h e  missions studied does not include any consideration of propulsive 
requirements f o r  operations between the  nominal o r b i t a l  a l t i t u d e  of 1000 km 
and t h e  surface of Mercury. Thus the AV's are somewhat low. However, t he  
t m e  and d e s i r a b i l i t y  of such operations have not y e t  been established. 

It is  of i n t e r e s t  t o  invest igate  the p o s s i b i l i t i e s  of using combinations 
of Venus swingby and d i r e c t  legs t o  lower the t o t a l  requirements further. 
Typical r e s u l t s  of t he  invest igat ion a re  delineated i n  tab les  V I 1 1  and M for 
t he  years  1980 and 1983, respectively.  
t rends .  F i r s t ,  t h e  use of an outbound swingby with a d i r ec t  re turn  leg tends 
t o  r e s u l t  i n  the  minimum energy round t r i p ;  t h e  ve loc i ty  increment decreases 
a maximum of 1 . 2  km/sec below the  corresponding d i r e c t  t r i p  of t ab le  V I I .  

AV 

Analysis of the  tab les  reveals two 

11 
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Second, using a re turn  swingby with any outbound t r a j ec to ry  mode shows no 
s igni f icant  AV savings and tends t o  g rea t ly  increase the  mission duration. 

The Earth en t ry  speed i s  a parameter of i n t e r e s t  i n  round t r i p  missions 
and i s  l i s t e d  i n  t ab le s  V-M f o r  a l l  t r a j e c t o r i e s .  For the  t r a j e c t o r i e s  of 
tab le  V I I ,  the  minimum AVT d i r e c t  mode missions, it var ies  over t he  range 
14 .5  t o  17.4 km/sec. 
times of about two Mercury years.  
times of one Mercury year ( t ab le  V I )  have en t ry  ve loc i t i e s  between 15.4 and 
20.2 km/sec. 

The lowest values occur f o r  the  missions with s t a y  
Minimum energy t r a j e c t o r i e s  with s t ay  

The r e su l t s  of the  analysis  of AVT requirements which has been 
described are summarized i n  f igure  8. The f igure  presents  t he  minimal AVT 

D = Direct trip 
S = Unpawered swingby 
MPS = Modified pericenter swingby 

25 c 

Launch, yr 

Figure 8.- Summary of minimum AV missions, 190-1999. 

f o r  each of the three  missions studied as a function of the launch year.  The 
pa r t i cu la r  t r a j ec to ry  mode which y ie lds  the  minimum i s  indicated on the  
f igure .  A s  can be seen, a swingby mode produces t h e  lowest AVT requirement 
over t he  time period covered i n  f igure  8. 
occur infrequently. 
higher AV 

AVT 

However, t he  low energy missions 
If more frequent launch opportuni t ies  are desired,  

requirements and t h e  d i r e c t  t r i p  mode must be considered. 

Up t o  t h i s  point ,  the  minimum AV, requirements f o r  missions t o  Mercury 
have been assessed without regard t o  o ther  t r a j e c t o r y  considerations,  such as 
the  launch window a t  Earth and Mercury o r  t he  communication distances 
involved. 
e f f e c t s .  

The r e s t  of t h i s  repor t  w i l l  consider t y p i c a l  examples of these  

12 



Launch Windows 

Figure 9 shows the  Earth departure velocity increments f o r  launch near 
the  launch date of the  1982 d i r e c t  f lyby (see t ab le  I ) .  The dashed l i nes  a r e  

24 I14 108 Trip time, days 

i I I 

I I 
\ I I 

Envelope of mininum 
I 

V energy transfers 
Launch window HBEVy P12.8 km/sec 

I I 1 I I I 
0 * 
N 
In 

0 
N 
In In 

8 8 P 
N 
In 

0 0 
0, N OD 

0 
N 
In 

0 

In 

Earth departure dote - Julian date from 2,440,000 

Figure 9 . -  Typical e a r t h  launch window; d i rec t  t ransfer ;  1982 flyby mission. 

constant t r i p  times with cen t r a l  t r ans fe r  angles grea te r  than 180° and the  
s o l i d  l i n e  is  the  envelope of minimal energy t ransfers .  
locates  the  minimum departure 
with AV requirements within 5 percent of t he  minimum.6 

The middle arrow 
AV while the outer arrows indicate  the  region 

The 5-percent value provides a 23-day window f o r  Earth launch. 
should be noted t h a t  a l l  launches within t h i s  window a r r i v e  a t  Mercury on 
e s sen t i a l ly  the  same date and with a hyperbolic excess veloci ty  within 
1 percent of 12.8 km/sec. 
increase of 8 percent (0.4 km/sec). 
t h e  minimum values l i e  above the  envelope shown. 

It 

A 30-day launch window would require a AV 
Transfers of less than 180° ex i s t ,  but  

The e f f e c t  of small changes i n  the  launch time around t h e  launch date 
of t he  1985 d i r e c t  t r i p  Mercury o r b i t e r  (see t ab le  11) is  shown i n  f igure  10. 
The Mercury arrival hyperbolic excess veloci ty  and, therefore,  
corresponding t o  points  on the  envelope, increase rapidly a m y  from the  
optimum launch date. 
f lyby mission; t he  5-percent AVT 
12 -percent increase allows 30-day window. 

AVg, 

The launch window is therefore  smaller than f o r  t he  
increase allows a 19-day window, while a 

'The 5-percent value was somewhat a r b i t r a r i l y  chosen. This value is  
approximately t h e  penalty associated w i t h  a 30-day window f o r  Mars missions. 
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Figure 11.- Typical ea r th  launch window. 
1980 Mercury o r b i t e r  mission. 

per icenter  swingby t r a n s f e r  (see 
t ab le  I V ) .  
t h e  5 -percent AVT allowance i s  
indicated i n  f igure  l l ( b )  by the  
outer  arrows and i s  42 days. 

The launch window f o r  

The 1982 conjunction f o r  the  
unpowered Venus swingby t r a n s f e r  
(see t a b l e  111) i s  shown i n  f igu re  
II(C).  This conjunction i s  
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Figure 11. - Concluded. 

r epresenta t ive  of a high passage a l t i t u d e  (1980 km) . 
5-percent 
l imi ted  a t  the  l a t e r  launch dates by the minimum Venus passage a l t i t u d e  
cons t r a in t .  
km/sec and va r i e s  less than 1 percent during the  launch window. 

The launch window for a 
AVT allowance i s  la rge  (on the order of 50 days) and i s  usual ly  

The a r r i v a l  hyperbolic excess ve loc i ty  i s  approximately 10.7 
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For the  re turn  leg,  direct-mode minimum-energy t r ans fe r  requires 
departure from one of two regions of Mercury's o r b i t  as previously shown i n  
tab les  V I  and VI1 and f igure  6. Departure a f t e r  one Mercury year s t ay  time 
(see table  V I )  generally y ie lds  a launch window a t  Mercury of 10 days f o r  a 
5 -percent A T  increase. A t yp ica l  case, corresponding t o  the  f i rs t  re turn  
opportunity i n  1985 (see t ab le  V )  i s  i l l u s t r a t e d  i n  f igure  12 (a ) .  
after a 2-year s t ay  time, while requiring lower 

1985 (see t a b l e  V ) ,  indicates  a 2-day window f o r  a 5-percent . A T  

Departures 
, yie ld  smaller launch 

windows. Figure U ( b ) ,  which i l l u s t r a t e s  t he  re turn  opportunity of 
increase.  
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Figure 12.- Mercury launch window; d i r e c t  t r a n s f e r .  



Trip time, days 65\ 

Launch window 
HBEVo112.2 

Mercury departure date - Julian date from 2,440,000 

(b) Typical of two Mercury year s t ay  time. 

Figure 12. - Concluded. 

Communication and Solar Distances 

Figures l3(a)  - l 3 ( c )  a r e  typ ica l  p lo ts  of communication distance and 
dis tance from the  Sun during manned stopover missions. 
p r o f i l e s  reveals  some of t he  trade-offs t ha t  must be made between the  t r a j e c -  
t o ry  modes f o r  complete mission analysis.  For example, t he  swingby t r a j e c -  
t o r i e s  of f igures  l3 (b )  and l 3 ( c )  spend more time a t  distances grea te r  than 
1 A U  from t h e  Earth and within 0.5 AU of t he  Sun than does the  d i r e c t  t r i p .  
Therefore, although they have lower AVT requirements, they have grea te r  
communication and s o l a r  radiat ion protection requirements. 
noted t h a t  t h e  maximum communication distance f o r  these missions occurred 
during the  s t ay  at Mercury. 
Mercury geometry controlled the  maximum communication distance and a l s o  the  
c 10s e s t s o lar approach. 

Comparison of t he  

It should a l s o  be 

In  general, f o r  a l l  missions studied, t he  Earth- 
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Figure 13.- Time h i s to ry  of communication and solar distance; 1980 Mercury stop over mission. 
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(b)  Outbound unparered Venus swingby with d i r e c t  r e tu rn .  
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(c  ) Outbound modified pe r i cen te r  Venus swingby with d i r e c t  r e tu rn .  

Figure 13. - Concluded. 

I CONCLUDING REMARKS 

The analysis  of t h e  t r a j ec to ry  data has revealed some in te res t ing  points .  
Unmanned Mercury flybys can be performed almost any year f o r  a 
5 km/sec. Specific years provide Venus swingby opportunities with a AVe of 
about 4 km/sec. 
swingby t r i p s  vary from 150 t o  300 days. All of these low energy flybys pass 
Mercury near the  aphelion-descending node region. 

AV, about 

The d i r e c t  t r i p s  require approximately 110 days while t he  

Because of the  eccent r ic i ty  and incl inat ion of Mercury's o rb i t ,  a l l  
minimal energy unmanned orb i te rs  a r r ive  near the  perihelion-ascending node 
region of Mercury's o rb i t .  
Venus swingbys and require a 
during t h e  20-year period studied. If the  AVT requirement i s  allowed t o  
increase t o  15 km/sec and both d i r e c t  t r i p s  and Venus swingbys a re  considered, 
then launch opportunities a r e  avai lable  every year. 
times vary from about 100 days f o r  the  d i r ec t  t r i p s  t o  between 220 and 350 
for t he  swingbys . 

The t r i p s  of lowest energy are modified per icenter  
AVT of about 11.5 km/sec but occur only twice 

The o rb i t e r  mission t r i p  

For t h e  manned stopover missions, minimum energy t r a j e c t o r i e s  both a r r ive  
and depart  Mercury i n  the ascending node perhelion region. Thus, s t ay  times 
a r e  r e s t r i c t e d  t o  approximate multiples of Mercury's o r b i t a l  period. A d i r ec t  
r e tu rn  l eg  was u t i l i z e d  since the  return swingby modes grea t ly  increased the  
mission durat ion with l i t t l e  reduction i n  the  energy requirement. The t o t a l  
AV 
18.5 and 23 km/sec over a 6-7 year period. 

requirement for t he  manned stopovers displayed a cycl ic  var ia t ion  between 



Launch windows of 20 days can be achieved a t  Earth departure f o r  l e s s  
than a 5-percent t o t a l  AV penalty f o r  a l l m i s s i o n s .  However, a 5-percent 
AV penalty a t  Mercury departure f o r  t he  manned mission would allow Mercury 
departure windows of only 2 t o  10 days. 

Communication distances have a maximum on the  order of 1 . 5  AU f o r  a l l  
missions considered. Solar distances have a minimum of 0.31 AU. 

National Aeronautics and Space Administration 
Moffett Field, C a l i f . ,  Nov. 10, 1966 

130-06-04-03-21 
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APPENDIX 

PLANETARY CONSTANTS 

Solar  g rav i t a t iona l  constant = 1.32%1@’ lan3/sec2 

Parameter 

Gravi ta t ional  constant, 
p, km3/sec2 

Planet  radius,  
r, 

Surface escape velocity,  
Ve,  h / s e c  

Surface c i r cu la r  velocity,  
v,, km/sec 

Eccentricity,  
e 

Orb it incl inat ion,  
i, deg 

Period of orb it, 
P, Earth days 

Mean nodal longitude 
Q ,  deg 

Mean per ihel ion longitude 
w, deg 

Semimajor axis 
a, AU 

Earth, Venus, 
a3 Q 

3. 99X105 3.26~10’ 

6380 6100 

11.2 

7.9 

10.3 

7.3 

0.0167 0.0068 

0 3.4 

365.255 224.7 

0 76.3 

102.3 131.0 

1.0 0 723 

Mercury, 

2.17~10“ 

2400 

4.3 

3 .1  

0.2056 

7 00 

87 96 

47.8 

76.8 

0.387 

2 1  
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TABU I.- MINIMUM AV REQUIREMENT; UNMANNm MERCURY FLYBY M I S S I O N ;  
DIRECT TRANSFER 

B E v g  f 
Earth T r i p  

Launch departure time, km/sec 
date* km/sec days year 

1980 
1981 
1982 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

1983 

4570 

5264 
5614 
5964 
6422 

4912 

677 6 
7116 
7464 
7814 
8166 
8512 
8974 

5.0 105 
5.0 114 
5 .o 114 
5.2 116 
5.4 115 
5.2 105 
5.1 100 
5 -0 110 
5 -0 114 
5.1 114 
5 - 2  114 
5 -5 116 
5 -1 102 

15.2 
13.8 
12.8 
13 .o 
13.2 
16.7 
15.9 
15.1 
12.7 
13 .o 
13.1 
13.2 
16.7 

*All dates are J u l i a n  Date measured 
from 2440000 (5/23/68). 



TABU 11. - MINIMUM AV RFQUIREMENT; UNMANNED MERCURY ORBITER MISSION; 
DIRFCT TRANSFER 
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2440000+ 
4538 

4890 

5100 
5242 

4634 
475 4 

4984 

TABLF: V. - MINIMUM AV REQUIREMENTS; EARTH RFTURN; DIRECT TRANSFER 

200 8.7 19.2 
100 6.2 14.5 
80 10.8 14.3 
220 9.0 20.2 
115 6.5 14.8 
70 10.2 16.1 
23 5 9.3 20.9 

entry 

date  days 

6956 
7088 
7184 

85 10.9 13.8 
2 10 8.9 19.7 
105 6.4 14.6 

5333 13 0 7.0 15.4 
5446 65 9.2 17.6 
5594 9.6 21.5 

6956 
7088 
7184 

85 10.9 13.8 
2 10 8.9 19.7 
105 6.4 14.6 

6611 13 5 9.8 14.2 I 6738 200 8.6 19.3 

7302 
7440 
7532 
7648 
7794 
7883 
7994 
8146 

75 10.5 15.1 

125 6.8 15.2 
65 9.7 17.3 
245 9.5 21.4 
140 7.2 15.9 
65 8.7 17.9 
260 9.7 22.0 

225 9.2 20.4 

8234 
8340 

8585 
8498 

8688 
8808 
893 6 
903 6 

15 5 7.6 16.8 
65 7.7 18.6 

170 8.0 17.6 
275 9.9 22.4 

70 6.8 17.4 
130 10.2 13.5 
185 8.4 18.4 
80 6.3 15.6 

9162 I 140 I 9.9 I 14.2 
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372 (368) 
82 (178) 

364 418 (398) 419 600 634 
40 78 (174) 23 110 244 

TABLE V I I I .  - TRAJECTORY MODE COMPARISON: 1980 LAUNCH; MINTMUM AV 
REQUIRFSIENT; MANNED MERCURY STOPOVER MISSION 

Trip type 

Depart Earth 

Pass Tenus 

Al t i tude  (km) 
AV? (km/sec ) 

Arrive Mercury 
AV.$ km/s ec ) 

Depart Mercury 
AV~!  ( &/s  ec ) 

Pass Venus 

Al t i tude  (km) 

Arrive Earth 

AVT ( h / s e c )  

Trip time (days) 

Stay time (days) 

A V ,  ( km/s ec ) 

VE ( h / s e c )  

%utbound l e g  - inbound l eg .  
D = Direct  
S = Venus swingby 

MPS = Venus swingby with AV t o  r a i s e  per icenter  radius  at passage 

'A11 dates  are J u l i a n  Date measured from 2440000. 
%umbers i n  brackets  ind ica te  r e s u l t  of using t h e  4634 Mercury 

departure  on t h e  D-D and MPS-D t r i p s .  
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TABU M. - TRAJECTORY MODE COMPARISON: 1983 LAUNCH; MINIMUM AV 
REQUIREMENT; MA"l3D MERCURY STOPOVER MISSION 

S-D 

5484 
4.8 
5569 
277 
5628 
9.4 
5684 
7.4 
-- 
-- 
-- 
5834 

21.6 
350 
56 

16.5 

Depart Earth 
A V ~  (km/sec ) 

D-S 

5615 
5.2 
-- 
-- 

5730 
10.9 
5770 
8 -7 
5979 
5 460 

18.2 

585 

-- 
6200 

24.7 

40 

Pass Venus 

Alt i tude (km) 

Arrive Mercury 
Av$(km/sec) 

Depart Mercury 
A (km sec 

Pass Venus 

Alt i tude (km) 
A V ~ (  km/sec) 

Arrive Earth 

Y / )  

V + d s e c )  
AV,( km/sec) 

Trip time (days) 

I Stay time (days) 

D -MPS 

5 -2 
5615 

-- 
-- 
5730 
10.9 
5860 
5 -5 
5 969 
250 
0.5 
6140 
12.4 
22.0 

525 
130 

s -s 
5484 
4.8 
5569 
277 
5 628 
9.4 
5770 
8 -7 
5979 
5 460 

6200 
18.2 
22.8 

716 

-- 

142 

s -MPs 
5484 
4.8 
5569 
277 
5628 
9.4 
5860 
5-5 
5 969 
250 
0.5 
6140 
12.4 
20.2 

65 6 
232 

NASA-Langley, 1967 - 30 A-2485 
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“The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and spare. The Admini~tration 
shall provide for the widest practicable and appropriale dissemination 
of information concerning its activities and the results tbereof.” 

-NATIONAL AERONAUTICS AND SPACB ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowldge. 

TECHNICAL NOTES: Information less broad in scope but nevertheless of 
importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distribu- 
tion because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Scientific and technical information generated 
under a NASA contract or grant and considered an important contribution to 
existing knowledge. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information derived from or of value to NASA 
activities. Publications include conference proceedings, monographs, data 
compilations, handbooks, sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech- 
nology used by NASA that may be of particular interest in commercial and other 
non-aerospace applications. Publications include Tech Briefs, Technology 
Utilization Reports and Notes, and Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND sSPACE;ADMINISTRATION 

Washington, D.C. PO546 


